We demonstrate a bottom-up approach to fabricating a visible light-driven titania photocatalyst device bearing an embedded two-dimensional (2D) array of gold nanoparticles (AuNPs) as a near-field light-generating layer. The device is a layered structure prepared by depositing a 2D array of AuNPs on a transparent conductive substrate (10 nm indium tin oxide (ITO) layer on quartz), coating the 2D array of AuNPs with a monolayer of trimethoxyoctylsilane (TMOS), and depositing titania nanocrystals on the anchoring molecule (TMOS) layer. The visible light activity of the device was tested using photocatalytic degradation of methylene blue (MB) by illuminating the device with visible light (700 nm light) and ultraviolet (UV) light (250-380 nm). The localized surface plasmon resonance peak of the 36 nm AuNP 2D array is around 700 nm with a full-width at half-maximum of 350 nm. In comparison with other control samples, the device showed the highest photocatalytic activity with visible irradiation, which was 1.7 times higher than that of titania with UV irradiation. The origin of the visible light activity was confirmed by both quadratic incident light power dependency and action spectrum to be plasmon-induced (near-field enhancement by AuNPs) two-photon absorption.
INTRODUCTION
Since the discovery in 1968 of photocatalytic water splitting by Honda and Fujishima, 1 titania has been intensively studied for its photocatalytic properties, 2, 3 which could be used to convert solar energy to storable chemical energy by hydrogen production, 4 or to address environmental issues such as the treatment of waste water 5 and cleaning of exterior windows 6, 7 by degradation of organic molecules. The bandgap of titania allows the creation of an electron-hole (e-h) pair only when irradiated by ultraviolet (UV) light, which is just a small fraction (less than 5%) of the solar spectrum and this limits its usefulness as a solar photocatalyst. Many different approaches to overcome the limitations of titania have been proposed, notably doping of oxide semiconductors 8 or photosensitization of titania. 9 The doping of titania, despite the most common approach to decreasing the wide bandgap of the oxide semiconductor, 10 has many disadvantages. For example, the introduction of impurities strongly affects the lifetime of the e-h pair (impurities act as recombination centers), and doping can also decrease the corrosion resistance of the material (especially in the case of doping with transition metal ions). 11 Photosensitization of titania with organic dyes still presents major limitations for applications in photocatalysis due to the poor stability of the dye, which can undergo desorption, photolysis and oxidative degradation, 12, 13 and fast back electron transfer, which results in low quantum yield for the photocatalytic reaction. 14 As an alternative to organic dyes, recently metallic nanostructures have been successfully used as photosensitizers for wide bandgap semiconductors [15] [16] [17] [18] [19] thanks to their broad and strong visible absorption based on localized surface plasmon resonance (LSPR) and their excellent chemical stability. Efforts to date to produce metallic nanostructure sensitizers for wide bandgap semiconductors have focused on the development of plasmonic nanostructures that either allow fine control of the geometry (shape, size, interparticle gap distance) of the nanostructures with good reproducibility but small area, e.g., top-down techniques such as lithography, 20 or large-scale deposition with poor control of optical properties (LSPR wavelength and its width), e.g., self-assembly-based bottom-up techniques such as vapor deposition of island films 21, 22 and the Langmuir-Blodgett method. 23 However, there has not been a good method of producing metallic nanostructure sensitizers for wide bandgap semiconductors with the advantages of large area, high density, fine tunable structure, mechanical durability and low cost. Our group recently developed a hybrid deposition method that overcomes the common limitations listed above; the method enables metal nanoparticle (MNP) twodimensional (2D) arrays to be deposited over large substrates with high mechanical durability and high MNP coverage. [24] [25] [26] Under resonant conditions (light excites LSPR in the MNPs), the 2D array generates strong near-field (NF) light in the proximity of the MNPs ('hot spots' 27, 28 ), which was shown to be able to induce two-photon absorption (TPA) in a fluorescent dye deposited on gold nanoparticles (AuNPs). 24 Our method of producing dense large-area 2D arrays of MNPs is thus expected to act as a powerful sensitizer for wide bandgap semiconductors. Here, we report the development of a self-assemblybased bottom-up, large-scale, cheap (no clean room facilities or high temperature are needed) and reproducible photocatalytic device whose optical properties can be controlled by fine LSPR tuning via MNP size and interparticle distance. [24] [25] [26] MATERIALS AND METHODS General Ultraviolet-visible (UV-Vis) extinction spectra were recorded with a Jasco V-670, and scanning electron microscope (SEM) images were acquired with a Hitachi S-4800 FE-SEM. Raman measurements were performed with a Horiba Jobin-Yvon T-64000 microRaman spectrometer equipped with an Ar 1 /Kr 1 laser (514.5 nm excitation line was used). An Asahi-Spectra 300 W Xe lamp (Max-302) equipped with UV (250-385 nm), Vis (385-740 nm) and IR (750-1050 nm) mirrors and different bandpass filters was used for the photocatalytic degradation experiments. Small-angle X-ray scattering (SAXS) measurements were performed using beamline BL40B2 with synchrotron radiation at SPring-8 (Hyogo, Japan). X-ray diffraction patterns were obtained with a RIGAKU RINT2000 Ultima-III. Transmission electron microscope (TEM) images were obtained with a JEOL JEM 2100-F, and contact angle measurements were performed with a Kyowa DM500 contact angle meter. Atomic force microscope (AFM) images were acquired with a SII NanoTechnology L-Trace AFM in tapping mode with a Si cantilever.
Materials
Plastic-formed carbon counter electrodes were purchased from Tsukuba Materials Information Laboratory Ltd and used after cutting and cleaning by sonication in deionized water and hexane. All reagents were purchased from Sigma-Aldrich Co. (Tokyo, Japan), Tokyo Chemical Industry Co., Ltd (Kyoto, Japan) and Nacalai Tesque, Inc.
Substrate preparation
Quartz substrates (1 cm31 cm) were cleaned by immersion for 15 min at room temperature in fresh piranha solution (30% H 2 SO 4 /H 2 O 2 52 : 1 v/v; handle with care: piranha solution is highly corrosive and reacts violently with organic matter) and rinsing three times with milli-Q water. The substrates were then coated with indium tin oxide (ITO) (10 nm) by radiofrequency sputtering deposition at room temperature, followed by UV-ozone cleaning for 3 h (final bulk resistivity of 1.1 310 23 V cm). The substrates were immersed in a 1% (v/v) solution of 3-mercaptopropyltrimethoxysilane in toluene for 40 h, rinsed with methanol three times and dried with a nitrogen stream. Finally, the substrates were immersed in a 1% (v/v) solution of 1,6-hexanedithiol in ethanol for 12 h, rinsed with acetone three times and dried with a nitrogen stream.
Synthesis of gold nanoparticles
Gold nanoparticles (AuNPs) were synthesized by the citrate reduction method (average size 3666 nm):
29 a 100 mL solution of 0.5 mM HAuCl 4 3H 2 O was brought to boiling in a round bottom flask while continuously stirring, then 2.2 mL of a 38.8 mM aqueous sodium citrate solution were added at once. The solution was refluxed for 20 min to allow complete reduction (solution turned wine red). The extinction spectrum of the colloidal solution of AuNPs is shown in Supplementary Fig. S1 . The 36 nm AuNPs were then capped with mixed alkanethiols: 24 10 mL of colloidal solution of gold nanoparticles were mixed with a 0.28% (v/v) mixed alkanethiols (hexanethiol/dodecanethiol 53 : 1) solution in 10 mL of acetone. Stirring was performed for 1 h, then alkanethiol-capped AuNPs were extracted with acetone and hexane and purified by sequential centrifuge and redispersion into hexane three times.
Synthesis of titania nanocrystals
Titania nanocrystals solution was prepared by the controlled hydrolysis of tetraisopropyl titanate as described in the literature, 30 and the concentration was adjusted to 10 mg mL 21 in ethanol-water (2 : 1, v/v) by rotary evaporation. The average size of the titania nanocrystals (3.5 nm) was determined from TEM images and confirmed from the X-ray diffraction pattern (3 nm from the Debye-Scherrer equation) and Raman spectrum 31 (below 4 nm as determined from full-width at half-maximum of the E G (Equation (1)) phonon peak) ( Supplementary Fig. S2 ). The titania nanocrystals were proven to be mainly in the anatase form, as shown in the X-ray diffraction pattern (only trace of rutile) and Raman spectrum (no rutile contribution was detected from the Raman spectrum) ( Supplementary Fig. S2 ). The bandgap of a thin film of titania nanocrystals was determined from the equation:
where B i is the absorption coefficient for direct transition, a is the absorbance and E G is the bandgap energy of the semiconductor. From the linear fit of (ahn) 2 versus hn, the value for the bandgap energy was obtained as 3.34 eV ( Supplementary Fig. S2b ). The titania nanocrystals showed a direct transition instead of an indirect transition and an energy gap larger than expected for bulk anatase titania (3.2 eV) in agreement with previously reported results 32 for nanosized titania samples.
Deposition of titania layer
The effectiveness of trimethoxyoctylsilane (TMOS) as an anchoring agent was verified by preparing two identical 2D arrays of AuNPs: one of them was coated with TMOS prior to immersion in titania solution, while the other was directly immersed in titania solution without anchoring molecules. Both samples were sonicated repeatedly to test the mechanical durability of titania. As a result, the sample without TMOS presented a clear change in the extinction spectrum with increasing sonication time, while the sample protected with the TMOS layer exhibited only a minor change, as shown in Supplementary Fig. S3 . The effectiveness of titania nanocrystals deposition was determined by contact angle measurements, comparing the contact angle before and after titania deposition. A change from hydrophobic to hydrophilic surface was observed ( Supplementary Fig. S4 ), in good agreement with the reported hydrophilicity of titania. 33 After titania deposition, the sample was also characterized with SEM and AFM ( Supplementary Fig. S5 ), as well as SAXS (performed at SPring-8, beamline BL40B2; Supplementary Fig. S6 ), to evaluate the effect of titania deposition on sample morphology and 2D array structure. The SEM and AFM images revealed that titania was deposited on the array, preferably in the space near the gap between AuNPs, even though the titania layer was inhomogeneous, while the SAXS patterns indicated that the 2D array structure was retained, since only a small shift in the peak position was observed (corresponding to a shift in the interparticle distance of about 0.8 nm comparing the SAXS pattern before and after TMOS and titania deposition).
RESULTS AND DISCUSSION
We planned to exploit the strong NF light induced by a 2D array of AuNPs to enable visible light activity in titania nanocystals deposited on the top of the array. The device was prepared as follows: a 2D array of AuNPs was deposited on a transparent conductive substrate (10 nm A visible light-driven plasmonic photocatalyst F Pincella et al 2 ITO on quartz), then an anchoring molecule (TMOS) was arranged on the array to enable strong attachment between AuNPs and the titania nanocrystals, as shown in Figure 1 .
AuNPs were synthesized by the citrate reduction method (average size: 3666 nm). 29 The 36 nm AuNPs were then capped with mixed alkanethiols 24 (hexanethiols/dodecanethiols 53 : 1). The AuNPs were then arrayed on a thiol-terminated ITO/quartz substrate by means of our hybrid deposition method, 24 which uses electrophoretic deposition, solvent evaporation and self-assembly to form a monolayer which is strongly bound to the substrate. Briefly, AuNPs were redispersed in 6 mL of hexane-acetone (3 : 1, v/v) and added to an open vessel where a voltage (1.1 V) was applied between the thiol-terminated ITO substrate (cathode) and plastic carbon (anode) electrodes placed 1.2 mm apart from each other. After solvent evaporation was completed, the sample was annealed at 50 6 C for 12 h to enable chemisorption (Au-S bond) of AuNPs on the functionalized ITO substrates. Finally, the sample was sonicated in hexane for 30 s to remove multilayers. The AuNP coverage exceeded 90% over the whole substrate area (1 cm31 cm) as shown in Figure 2a .
The surface of the 2D array was further functionalized by TMOS to result in siloxane termination, taking advantage of the intermolecular hydrophobic interaction between alkyl chains. 25 The 2D array of AuNPs was coated with a monolayer of TMOS by dropping 20 mL of a 1% (v/v) solution of TMOS in MeOH onto the 2D array. The sample was kept in a MeOH vapor-saturated environment for 1 h, rinsed with MeOH and dried with a nitrogen stream. The anchoring molecule will both induce strong mechanical durability of the titania layer ( Supplementary Fig. S3 ) and act as a thin dielectric layer to partially inhibit charge transfer between AuNPs and TiO 2 . Small titania nancocrystals 30 (mean diameter of approx. 3.5 nm, anatase phase with trace rutile, see Figure 2 and Supplementary Fig. S2 ) were chosen to allow fast migration of the e-h pair at the surface and also to fully take advantage of the NF light in the proximity of the gap between AuNPs. Titania deposition was performed by immersing the sample in a solution of titania nanocrystals in ethanol-water overnight at 37 6 C, rinsing the sample with water and annealing at 90 6 C for 12 h. The titania-coated 2D array was then characterized by UV-Vis-NIR spectroscopy, SEM, AFM and SAXS to verify the effective deposition of the titania nanocrystals (Figure 2c and Supplementary Figs. S4, S5 and S6). The average thickness (7.6 nm) of the titania layer on the array corresponds to about two layers of nanocrystals, as confirmed from TEM cross-sectional images ( Figure 2b ). As these results indicate, this device takes full advantage of a chemical bottom-up approach since each solid layer is strongly attached by molecular building blocks whose mutual interactions contribute to the construction of a complex multilayered device: dithiols self-organize on the ITO surface, metallic nanoparticles are immobilized on the substrate due to Au-S bonds, TMOS is attached to the metallic particles via hydrophobic interaction, and titania is immobilized through Ti-O-Si covalent bonds. 34 In order to test the visible light activity of our device, photocatalytic degradation of methylene blue (MB) was performed by illuminating our device and the control samples with visible light (700 nm light) and UV light (250-380 nm). Irradiation with 700 nm light was chosen in order to excite the LSPR of the 2D array, while concurrently minimizing the direct excitation of MB; UV irradiation was used to verify the photodegradation activity of the array when TiO 2 was excited directly (photon energy is sufficient to induce e-h pair creation). Control samples, namely bare quartz, a 2D array of AuNPs and quartz coated with titania nanocrystals (for further details about the preparation of control samples, see Supplementary Information), were prepared in order to rule out different pathways for organic dye photodegradation, such as self-sensitization, 9,35 direct photolysis 36 and degradation by LSPR heating. 37 Samples for photocatalytic degradation of MB were prepared by drop-casting 40 mL of 65 mM solution of MB in MeOH on the samples (at 90 6 C) giving a dye density of about 16 nmol cm 22 . Each sample was irradiated with a 300 W Xe lamp (MAX-302; Asahi Spectra Co., Ltd (Tokyo, Japan)) equipped with UV (250-385 nm), Vis (385-740 nm) and IR (750-1050 nm) mirrors and different bandpass filters (700 nm with 10 nm full-width at half-maximum filter). MB photodegradation was performed in air since oxygen in air acts as an electron scavenger, having the multiple effects of Figure 1 Schematic illustration of process of preparing the proposed plasmonic photocatalyst.
A visible light-driven plasmonic photocatalyst F Pincella et al 3 doi:10.1038/lsa.2014.14inhibiting fast recombination of the e-h pair, avoiding the reduction of MB to leucomethylene blue, and providing reactive oxygen species that contribute to MB photodegradation. 38 In order to evaluate the photocatalytic activity of all samples, the extinction spectrum was checked at regular intervals and the degradation rate was evaluated from the peak intensity decrease versus irradiation time (Supplementary Fig. S7 ). For each value of MB peak intensity, we waited for 15 min prior to acquisition of the UV-Vis spectrum to ensure equilibrium (three UV-Vis spectra were collected after irradiation at 5 min intervals to verify the relaxation to equilibrium). Initial reaction steps of all samples showed pseudo first-order kinetics; thus, each photocatalytic degradation rate k was obtained from the linear fit of:
The values of photocatalytic activity are shown as MB degradation rate divided by incident power for all samples (device and control samples) and for both visible (700 and 10 nm full-width at half-maximum) and UV irradiation (250-385 nm). The maximum photocatalytic activity was achieved with the titania coated 2D array excited with visible light as expected. Note that the value of photocatalytic activity of the titania-coated 2D array exceeds the photocatalytic activity of the titania nanocrystal-coated ITO sample irradiated with UV light by 1.7 times. In addition, the photocatalytic activity of the titania-coated 2D array irradiated with visible light was 14 times higher than that irradiated with UV light; the low photocatalytic activity of the layered device under UV irradiation is probably due to the previously proposed 15 charge depletion (Schottky barrier at the titania/Au interface) from titania to AuNPs and to the high extinction of Au in the UV region. By evaluating the photocatalytic degradation rate for the titania sample irradiated with visible light in Figure 3 , we could exclude major contributions from the direct visible light activity of titania (the bandgap of titania nanocrystals was calculated from the UV-Vis extinction spectrum to be 3.34 eV, see Supplementary Fig. S2b ) and self-sensitization, which consist of excitation of dye by visible light, consequent transfer of energy from the dye (typical mechanism of dyesensitized cells) to the oxide semiconductor which then undergoes e-h pair creation, and finally charge transfer to the dye, inducing photocatalytic degradation. The low degradation rate for the MB-coated quartz substrate also indicated that direct photolysis was not the main contributor to the visible light activity of the device. Lastly, by comparing the photocatalytic degradation rate of the titania-coated array and the uncoated 2D array, we excluded the possibility that the LSPR effect by itself (plasmonic heat 39 or energy transfer 40 ) is responsible for visible light photocatalytic degradation, that is, excitation of MNPs alone is not able to induce a noticeable modification of MB. In conclusion, we proved that the combination of MNPs 2D array and titania layer is indispensable for obtaining visible-light induced photocatalytic activity.
Once different reaction pathways were excluded, we could investigate the origin of the visible light activity of titania. To do this, we checked the dependence of photocatalytic degradation rate on excitation wavelength (Supplementary Fig. S8 ) and found that the maximum rate corresponded with the peak value of LSPR, and that the tendency of the rate was similar to the shape of the LSPR peak, A visible light-driven plasmonic photocatalyst F Pincella et al 4 suggesting plasmon-induced visible light activity. In fact, this tendency is in agreement with a well-known property of MNPs (this property is valid for small spherical MNPs for which the far-field and near-field resonant frequencies overlap completely), 41 namely, that the highest near-field enhancement can be achieved when light is resonant with the MNPs' LSPR (wavelength of the excitation light corresponds to the LSPR peak of the MNPs' UV-Vis spectrum).
Plasmon-induced visible light activity can originate from different interactions of MNPs with titania; therefore, further analysis is needed. Direct plasmonic excitation can be partially ruled out, namely, direct enhancement of visible light activity, due to the large bandgap of titania nanocrystals, allowing excitation only by UV light and LSPR of the 2D array, which instead lies in the NIR region of 755 nm (Figure 2c) . A second direct mechanism, 'hot electron' transfer, is also partially inhibited owing to the TMOS layer deposited on the AuNPs. Excluding these two mechanisms and considering that the LSPR wavelength of our plasmonic device (755 nm) corresponds to about twice the wavelength relative to the titania bandgap (371 nm), TPA was assumed to be the main contributor to the visible light activity of titania (excitation resonant with the LSPR is able to induce the formation of e-h pairs in titania due to simultaneous absorption of two photons 20, 42 ). To verify this assumption, we performed MB photocatalytic degradation with 700 nm light while varying the incident power with a neutral density filter. It is well known that the power dependence of titania photocatalytic reactions is affected by the titania thickness; in the case of the bulk state, only the region near the surface of titania would contribute to photocatalytic reactions owing to the short lifetime of the photocarriers and the power dependence would follow a root-square power law. 43 In the case of nanosized titania, a linear power dependence was verified since all photogenerated charges can migrate at the interface and contribute to the reaction. In our experiment, the small size of titania nanocrystals (3.5 nm) would suggest a linear behavior in the case of linear absorption. However, the experimental results shown in Figure 3b indicate a square power dependence, which clearly shows that the photocatalytic degradation of MB is induced by TPA with embedded AuNP arrays.
Finally, we investigated the photocatalytic activity of our device under wide band visible light illumination (Xe lamp with 422-750 nm filter). The result of visible light irradiation confirmed the higher photocatalytic activity (6.5 times higher) of our sample compared to the titania reference sample, as shown in Figure 4 . This result shows that visible light is suitable for the excitation of wide LSPR absorption of 2D arrays of AuNPs.
In addition, solar light irradiation was tested and the result (the photocatalytic activity of our device was twice that of the titania reference; see Supplementary Fig. S9 ) showed the potential of our photocatalytic device for converting solar energy to chemical energy.
CONCLUSION
In summary, a visible light photocatalytic device was fabricated by means of only wet chemical bottom-up deposition processes, without needing expensive clean-room deposition processes or high-temperature treatments. The photocatalytic activity of the device was investigated by photocatalytic degradation of MB with visible and UV irradiation. In comparison with other control samples, our device showed the highest photocatalytic activity with visible irradiation, which was 1.7 times higher than that of titania with UV irradiation. The origin of such visible light activity was confirmed to be TPA by both quadratic incident light power dependency and action spectrum. TPA was proven to be induced by the strong NF light originating in the proximity of AuNPs when localized surface plasmons were excited (l ex <l LSPR ). The result of MB photocatalytic degradation with a titania-coated 2D array under wide band visible light irradiation is encouraging, since the photocatalytic degradation rate for a titaniacoated 2D array is more than six times that of the titania sample. 
